| INTRODUCTION
This paper is a concise review aiming to assemble the most relevant topics presented by the authors at ORS-Philadelphia Spine Research Society Fourth International Spine Research Symposium. It centers on the latest advances in disc development, its main structural entities and the populating cells, with an emphasis on the advances in pivotal molecular pathways responsible for forming the intervertebral discs (IVD). The objective of finding and emphasizing pathways and mechanisms that function to control tissue formation is to identify and to explore modifications occurring during normal aging, disease, and tissue repair. Thus, a precise understanding of normal tissue development-including cell-cell communication, gene regulation, and growth factor dynamics-is imperative in identifying the cellular and molecular processes contributing to tissue degeneration, and for designing therapeutic interventions to curb and/or reverse these processes.
The development of the axial skeleton is a multistep process initiated by the formation of the notochord during early embryonic development. The notochord is laid down along the rostral-caudal axis, providing a primitive axial skeleton as well as secreted signals for the patterning of surrounding tissues. The vertebral column is formed by aggregation of the somitic mesenchyme around the notochord, which undergoes progressive patterning and differentiation to form the annulus fibrosus (AF), vertebral bodies, cartilage endplates, and ligaments. The notochord disappears where the vertebral bodies form but expands within the perichordal disc to form the nucleous pulposus (NP). In the following sections, we will provide a detailed overview of IVD development, transcription factors, growth factors and/or morphogens, and the cell types that regulate the formation of the IVD.
| THE NOTOCHORD

| Embryonic origins of the notochord
conserved tissue that is necessary and sufficient for axis induction during gastrulation, and contributes to cells of the notochord and prechordal mesendoderm. 1 The dorsal organizer was originally identified in amphibians by Spemann and Mangold, 2 leading to the identification of homologous structures with conserved function in other species, including the embryonic shield in teleosts, 3 Hensen's node in the chick, 4 and the node in the mouse embryo. 5 During gastrulation of the mouse embryo, a population of progenitor cells emerge from the anterior aspect of the primitive streak, termed axial mesoderm (also referred to as chordamesoderm or mesendoderm) and ingress to form the node. 6, 7 The node is a transient, late organizer population consisting a few hundreds of cells that form a teardrop-shaped pit at the distal tip of the murine embryo at embryonic day (E) 7.5, responsible for establishing the left-right asymmetry of the body plan. 8, 9 Motile cilia localized on the apical surface of cells within the node beat in a clockwise rotation to drive a leftward flow of extraembryonic fluid containing morphogens, such as Nodal, secreted by the columnar epithelial cells of ventral node (termed "nodal flow"). [10] [11] [12] Disruption of either ciliogenesis [13] [14] [15] or cilia motility 16 results in abnormal left-right patterning of the mouse embryo.
Although essential for proper embryo patterning, nodal flow is required only during a brief window of development, from 1 to 6 somite stage, which spans 6 to 7 hours of development in the mouse. 17, 18 The TGFβ family proteins Nodal and Lefty-2, as well as the homeobox protein Pitx2 are essential to the establishment of leftright asymmetry in vertebrates. 18 Studies using targeted gene deletion in the mouse have identified key transcription factors expressed in the node and required for node morphogenesis and/or function, including FoxH1, 19 brachyury (T), 20 Lhx1, 21 FoxA2, 22 Tead, 23 Otx2, 24 and Noto. 25 Recent studies applied genome-wide analyses to characterize the gene regulatory networks driving the formation and function of the node and notochord, 26 demonstrating dramatic alterations in gene expression patterns as cells transition between developmental states and identifying key pathways and matrix components that may define these distinct stages. 27 As the embryo elongates, the notochord development is initiated as trunk notochord precursors emerge from the node to form the notochordal plate at E8.0-E8.5 in the mouse. 28 The notochordal plate is continuous with the dorsal gut endoderm and positioned in the axial midline of the embryo; it is formed by three distinct cell types derived from the axial mesoderm-the prechordal plate, the anterior head process, and the node-derived notochordal precursors. 6, 29, 30 At E9.0, the notochord plate folds off the gut endoderm; cells of the prechordal plate contribute to the forebrain and rostral hindbrain, while cells of the anterior head process form the anterior notochord which rests in a central position in the mouse embryo flanked by the dorsal ridge of the neural tube (the floor plate) and ventrally by the gut endoderm (the endoderm plate). 31, 32 Laterally, the notochord is flanked by the paraxial mesoderm, which will give rise to the somites and subsequently the AF and vertebrae. Live imaging of notochord formation in the mouse highlighted further differences in its cellular origins; the trunk notochord is derived from the node by mediolateral intercalation while the tail notochord is formed by node-derived cells that actively migrate toward the posterior and are maintained at the caudal end of the trunk notochord until incorporation at a later stage. 9 The notochord forms a continuous rod-like structure in which cells display homogeneous morphology and gene expression patterns along the A/P axis. The distinction between the anterior head process and prechordal plate in the notochord is marked in the mouse by specific differences in genetic regulation, including dependence of the trunk notochord on expression of the transcription factors Noto 9 and T. 33 Conversely, loss of Nodal signaling 34 or loss of expression of the transcription factor Lim1 21 leads to complete loss of notochord formation. Formation of all levels of the notochord (including the anterior head process and prechordal plate) are dependent on the activity of the transcription factors Foxh1 19, 35 and Foxa2. 22, 36 Similar to the organizer from which it is derived, the notochord is a transient structure in the developing embryo that serves at least two essential functions. 37 First, the notochord forms the primitive anterior/posterior axis of the embryo; a continuous rod-like structure that runs along the midline of the embryo, surrounded by the perinotochordal basement membrane composed of extracellular matrix proteins. 38 The correct deposition and organization of this extracellular matrix is essential for notochord morphogenesis and maintenance of the rod-like structure of the notochord during early embryonic development. 39 In the mouse, formation of the peri-notochordal sheath is dependent on hedgehog signaling. 40 In its structural role, the notochord resembles cartilage; cells express the Sry-related HMG-box transcription factors Sox5, Sox6, and Sox9 41, 42 and secrete an extracellular matrix rich in collagens, laminins, and aggrecan. [43] [44] [45] 47 Notochord vacuoles are generated by post-Golgi trafficking pathways and considered as the final step in notochord differentiation, relying on the preceding chordamesoderm specification, convergent extension, formation of the notochord sheath, and the spatiotemporal activation of vacuolating signals within the axial notochord. 48 The notochord remains in place until the development of the permanent axial skeleton. The second role of the notochord is to secrete morphogens, such as Shh and noggin, through which it regulates the patterning of surrounding tissues, including the neural tube, 49 the sclerotome of the somites, 50 the pancreas, 51 and the aorta. 52 It is important to underscore that our understanding of the pathways that regulate the formation and function of the embryonic notochord are largely based on studies in model organisms (including mouse, chick, zebrafish, and Xenopus); although several characteristics appear to be conserved, functional differences may exist between species, particularly, in humans where less detailed investigation has been undertaken. The fate of the notochord cells within the NP has long been debated. It has been proposed that small chondrocyte-like NP cells were mesenchyme-derived, populating the NP following migration from the surrounding cartilage endplate (CEP) 67 or originating from transient amplifying cells in the perichondrium at the periphery of the disc. 68 In this context, notochord cells were postulated to direct mesenchyme cell migration and stimulate matrix synthesis prior to undergoing apoptosis or necrosis at the completion of disc formation. 69, 70 Alternatively, notochord cells were proposed to serve as IVD-specific progenitors undergoing terminal differentiation to give rise to the small cells of the NP. 63, 71, 72 In the mouse, genetic strategies for lineage-tracing have demonstrated that all cells of the adult NP are notochord-derived.
| Fate of notochord-derived cells
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| Embryonic origin of AF
AF originates from the somitocoele. The dorsal epithelium of the somite gives rise to the dermo-myotome, while the ventral region gives rise to the sclerotome starting at stage III of somitogenesis. 75 Before giving rise to the sclerotome, the somitocoele undergoes epithelium to mesenchymal transition (EMT In addition, while the developmental and cellular processes in the formation of the IVD may be conserved in the different mammalian models, the cellular compositions of the adult discs are vastly different in the animal models analyzed to that of human; in particular the NP. 118 Thus, in understanding of these studies, one needs to place the findings in context, from the perspective of the detection and cell isolation methods, source of the cells, and their differentiation potentials. 
| Presence of mesenchymal stem cells in the IVD
| Progenitor cells' isolation and functional assays
The explant approach to isolated MSCs presents a heterogeneous population of cells derived from degenerated IVDs that can differentiate along the mesenchyme lineage. 119, 126, 127 Thus, it is also impor- FIGURE 1 Schematic illustration depicting key stages of intervertebral disc development, highlighting the growth factors, morphogens, and transcription factors. Depiction of key stages in axial skeletogenesis, including (A) node formation and elongation in the early embryo; (B) aggregation of the somatic mesenchyme around the notochord to form a continuous perichordal tube with metameric condensation of the axial mesenchyme (depicted by darker blue bands) leading to spine segmentation; and (C) formation of intervertebral discs. Notochord/nucleus pulposus derived structures are colored in red, and structures contributing to the annulus fibrosus are colored in blue. At each stage, selected growth factors, morphogens, and transcription factors (TFs) known to be required for IVD development are indicated, with notochord/nucleus pulposus associated factors indicated in red, and annulus fibrosus associated factors indicated in blue conditions from the same animal. 128 While both sources of MSCs (expressing MSC markers, CD29, CD90, and CD44) could differentiate into the classic mesenchymal lineages (osteoblasts, chondrocytes, and adipocytes), the CFUs were different, being higher from degenerated NP, and with increased proliferation rates in vitro. On the other hand,
MSCs from the healthy NP showed a better chondrogenic differentiation potential and higher expression of NP extracellular matrix such as aggrecan and type II collagen. 128 As the IVD degenerates, the changes in mechanical property can also influence the local environment/niche of progenitor cells. Indeed, adjusting extracellular matrix stiffness and elasticity can influence the differentiation lineage of progenitor cells in vitro, 129, 130 and the fate of NP derived progenitor cells. for both Tie2 and GD2, but maintaining CD24 expression, define mature cells in the NP. 125 Interestingly, in human IVDs, the com- forming spheroid colonies although with a decline during expansion. 137 In another study, NP-derived cells harvested from patients undergoing discectomy were subjected to cell sorting based on the Tie2 and GD2 co-expression. The analyzed Tie2+/GD2+ population showed similar properties in colony-forming ability, cell proliferation, and stem cell gene expression compared to BM-derived MSCs from the same subjects. Interestingly, Tie2+/GD2+ cells differentiated into osteoblasts similar to BM-MSCs, were found to be superior in chondrogenic differentiation but inferior in adipogenesis, compared to BM-MSCs. 138 Of interest is the work reported by Rodrigues-Pinto et al. 66 Human embryo and fetal spines (notochord and somites/ sclerotome) were isolated by microdissection to follow the spatiotemporal expression of the believed human notochordal markers.
Expression of Tie2, as well as KRT8, KRT18, KRT19, T, GAL3, CD24, CD55, CD90, BASP1, CTGF, and E-Cad was assessed by immunohistochemistry. Their findings showed that Tie2, but also CD90 and ECad, were not expressed in the early developing spine between the studied period of 3.5 to 18 weeks post-conception, suggesting Tie2 is expressed later in IVD development and may be considered as an NP progenitor cell marker.
To summarize, these "progenitor cells" do show heterogeneity in their differentiation potential, and their presence in "healthy" human
IVD has yet to be thoroughly studied, and their relationship to the adhesive MSCs in this and other studies also need to be addressed. It is possible that they are from notochord or sclerotome source and differ in embryonic or postnatal origins. In Figure 2 , we summarize the to date identified cells in the healthy IVD, and their evolution in function of time.
| In vivo cell tracing
Using pulse-chase labeling with BrDU has been reported for the IVD in New Zealand white rabbits. 139 Few proliferating cells can be identi- 
